A completely synthetic bovine copper-zinc superoxide dismutase gene (Cu-ZnSOD), designed using the most favoured codons for expression in yeast, was constructed. Fortuitous mutations introduced while cloning the synthetic gene permitted the additional construction of four altered-polypeptide products representing two single (Pro1-21→Leu and Gly128→Asp), one double (Pro100→Leu, Arg113→Lys) and one triple (Pro100→Leu, Arg113→Lys, Pro121→Leu) mutant. All five versions of the gene were expressed in a SOD-deficient Escherichia coli strain. The 'wild-type' version of the gene and the two single-mutants were expressed to equal extents (~8% of total soluble protein). However, compared with the 'wild-type' enzyme, one single-mutant (Gly128→Asp) showed almost twice as much dismutase activity whilst the other (Pro121→Leu) exhibited only 70% of the 'wild-type' level. In contrast, the double and triple mutants showed diminished expression of the gene (~1 and 3% of total soluble protein, respectively) and almost no detectable SOD activity. Polyclonal antibovine SOD antibody bound all the recombinant proteins, although some of the products showed decreased size and probably altered conformations. The 'wild-type' superoxide dismutase recombinant was correctly dimerized and possessed dismutase activity, as did the Gly128→Asp mutant despite the change in charge. Mutations in the other three versions affected enzyme folding and activity. The effect of the different mutations appeared to be additive, with the Pro121→Leu substitution leading to the apparent proteolytic degradation of the enzyme in vivo.
Introduction
During the biological reduction of molecular oxygen (O 2 ) some toxic intermediates are generated, among them the superoxide radical (O 2 -) (Fridovich, 1982; Frank, 1985) . In order to defend the cell against this very reactive anion, there is a group of metalloenzymes called superoxide dismutases (SODs), which are divided into three types according to the metal associated with the enzyme: copper-zinc SOD, manganese SOD and iron SOD (Bannister et al., 1987) .
Cu-Zn SOD was originally described by McCord and Fridovich (1969) and is a 32 000 Da dimeric protein consisting of two identical subunits and two copper and two zinc atoms per dimer. Tainer et al. (1982) , working with the bovine Cu-Zn SOD, resolved the three-dimensional structure of this enzyme (2 Å resolution) as an eight-stranded Greek key β-barrel. More recently, Gibbs and Shaffer (1990) , amplifying a cDNA library, were able to clone the bovine gene.
Following the widely accepted idea that O2 --generating systems can damage cell components, several workers have tried to establish a link between these deleterious effects and known pathologies. Although the results obtained so far cannot be taken as conclusive, there is good evidence that free radicals may be involved in various known diseases and in ageing (Halliwell and Gutteridge, 1989; Cheeseman and Slater, 1993; Poli et al., 1993) . However, the first convincing evidence of a link between a pathology and the gene specifying cytosolic Cu-Zn SOD was demonstrated by Rosen et al (1993) . They were able to detect 11 unique mutations in nine different positions of exons 2 and 4 of this gene in patients suffering from an autosomal dominant familial amyotrophic lateral sclerosis (Lou Gehrig's or motor neurone disease).
In this work, fortuitous mutations that occurred during the construction and cloning of a synthetic bovine Cu-Zn SOD gene were used in the construction of four altered versions of the gene. Analysis of the products expressed by these recombinants and the 'wild-type' synthetic SOD gene in Escherichia coli are described and their biochemical properties compared. Altered properties of the expressed proteins are interpreted in the light of likely structural affects attributed to the mutations.
Materials and methods

Bacterial strains
Escherichia coli strain TG2 [thi hsd5 (Dlac-pro)/FЈ traD36 proAB lacI Q lacZDM15 supE recA] was used as host for both vectors and recombinant plasmids. E.coli QC871 [F -leu6 thrA pro lacY1 supE44 hsdR rpsL tonA thi sodA25 sodB2], a double mutant for superoxide dismutase (SOD) and kindly provided by Dr D.Touati (Institut Jacques Monod, Université Paris VII), was used for expression of all bovine Cu-Zn versions of the gene. Plasmids Plasmids pUC18 (Norrander et al., 1983) and pKK223-3 (Brosius and Holy, 1984) were used as cloning and expression vectors, respectively, in E.coli. pKK223-3 contains the strong promoter trp-lac (tac) which can be induced, in a lacI Q E.coli host, by the addition of IPTG or lactose. This expression vector contains a multiple cloning site, derived from pUC8, starting five base pairs downstream of an AGGA ShineDalgarno sequence.
DNA manipulations
For plasmid DNA preparations, an alkaline lysis method described by Riley (1989) was used. Minipreps were kept at -20°C and used for restriction analysis and cloning experiments using standard techniques (Sambrook et al., 1989) . Protein analysis Protein extracts were made from cultures grown as follows: 5 ml of Luria-Bertani broth containing 100 µg/ml of ampicillin and 0.1 mM isopropylthio-β-galactoside (IPTG) were inoculated with a single colony and left to grow overnight at 37°C. Cells were harvested and resuspended in 1 ml of TD (2 µg/ml chymostatin, 2 µg/ml leupeptin, 1 µg/ml pepstatin, 100 mM diethanolamine, 100 mM triethanolamine, pH 7.4). Lysozyme and 3-[(3-cholamidopropyl)dimethylammonium] 1-propanesulphonate (CHAPS) were added to final concentrations of 4 mg/ml and 2% (w/v), respectively, and the cells were incubated in wet ice for 60 min to lyse. Suspensions were centrifuged in a microcentrifuge for 10 min and the supernatant transferred to a new tube and stored at -20°C.
For denaturing gels, total soluble protein from E.coli was loaded in a standard 15% (w/v) SDS-polyacrylamide gel. Proteins were visualized by staining the gel with Coomassie Blue.
For native gels, protein extracts were loaded in a 10% (w/v) polyacrylamide gel with a 2.5% (w/v) stacking gel in 1ϫ running buffer [3.53% (w/v) glycine, 0.47% (w/v) Trisbase, pH 8.5]. SOD activity was demonstrated using a technique described by Beauchamp and Fridovich (1971) . After electrophoresis, gels were soaked for 15 min in 2.45 mM nitroblue tetrazolium (NBT), washed briefly in running tap water, immersed in resolving solution (28 mM N, N, NЈ, , 36 mM potassium phosphate, pH 7.8, 2.8 µM riboflavin) for 15 min and washed briefly again. Gels were illuminated until they became uniformly blue except at positions containing SOD activity.
Densitometry was performed as follows: gels were scanned in a Hewlett-Packard flat-bed scanner and the stored image analysed by an IBM-compatible PC program developed by Biomed Instruments (Advanced American Biotechnology, Fullerton, CA). Immunological detection of the Cu-Zn SOD Once electrophoresis was terminated, proteins were transferred to a nitrocellulose membrane (Hybond, Amersham) according to standard procedures (Sambrook et al., 1989) . Filters were blocked with 5% (w/v) skimmed milk in buffer A [0.1% (v/v) Tween 20, 100 mM maleic acid, 150 mM NaCl, pH 7.5] for 60 min at room temperature. The solution was removed and 30 ml of the same solution containing immunoadsorbed rabbit anti-bovine SOD (Chemicon International, Temecula, CA) were added and incubated at room temperature for 60 min. For immunoadsorption, 12 ml of the polyclonal antibody were mixed with 100 ml of E.coli QC871, harbouring plasmid pKK223-3, soluble extract. The mixture was incubated at 4°C for 240 min prior to incubation with filters. Membranes were washed three times for 10 min each with buffer A and then incubated for 30 min in buffer A containing 5% (w/v) skimmed milk and a mouse anti-rabbit IgG alkaline phosphatase conjugate (Sigma). Filters were washed once more as described above and antigen-antibody complexes were visualized with NBT and 5-bromo-1-chloro-3-indolyl phosphate (BCIP) as described by Sambrook et al (1989) .
Results
The designed synthetic Cu-Zn SOD DNA sequence was based on the reported bovine amino acid sequence (Steinman et al., 1084 (Steinman et al., 1974 ; Figure 1 ) and contained only the most favoured codons for yeast (69% most favoured codons for E.coli), since it was intended to use the gene to study the effect of codon bias on expression in Saccharomyces cerevisiae. An ATG and a TAA codon, to start and stop translation, respectively, were added. In order to conserve the codon set chosen, no attempt was made to introduce suitable restriction sites into the sequence. The 459 nucleotide sequence, containing the whole Cu-ZnSOD gene, can be seen in Figure 1 .
During the process of cloning the synthetic gene, a series of point mutations and deletions were detected. The following alterations were observed: a triple mutant at Cu-ZnSOD gene positions 302 (C→T), 341 (G→A) and 365 (C→T); and a substitution of a G for an A at position 386. Based on these mutations, four constructs containing altered Cu-ZnSOD genes were cloned in pUC18. They represent one triple mutant, one double mutant and two single mutants. A list of the 'wildtype' and mutant bovine SOD clones is given in Table I .
In order to evaluate expression of the various gene versions constructed, plasmids pUCS5-20, pUCS1-18, pUCS2-26, pUCS6-8 and pUCS7-8 (Table I) were double-digested with EcoRI and HindIII and the 469 bp EcoRI-HindIII SOD fragment generated for each construction was ligated to pKK223-3, previously digested with EcoRI and HindIII. Table  I shows the clones obtained and their features. The five recombinant plasmids and pKK223-3 were used to transform E.coli strain QC871 (sodA -, sodB -double mutant). The transformants obtained were named KKS accompanied by the number of the plasmid they harbour. One isolated colony of each transformant type was inoculated in 5 ml of LB containing Ap and IPTG and incubated overnight at 37°C with shaking. Addition of IPTG was considered a safety measure since this strain does not contain a multicopy or highly expressed lac repressor and so the multicopy tac promoter would be active even without the addition of inducer. Soluble protein obtained from each sample was loaded both on to a 15% (w/v) SDSpolyacrylamide gel and on a 10% (w/v) native polyacrylamide gel and the material resolved by electrophoresis. The result of each experiment can be seen in Figure 2 . Both gels were also scanned and the image analysed by densitometry. The results indicated that the 'wild-type' and the two single mutants expressed similar amounts of protein,~8% of the total soluble protein loaded, although they displayed different levels of dismutase activity. SODs expressed by KKS2-26 (P121L) and KKS6-8 (G128D) showed 70 and 180% of the activity levels observed for KKS5-20 (wild-type, W.T.) SOD, respectively. It should be noted that the negative charge added to the G128D mutant protein probably results in faster migration in the native gel ( Figure 2B ).
The double and triple mutants KKS7-8 (P100L, R113K) and KKS1-18 (P100L, R113K, P121L) were only~1 and 3% of the total soluble protein, displaying 30 and 1% dismutase activity of the 'wild-type' enzyme, respectively. Interestingly, although KKS7-8 SOD is expressed in quantities three times lower than the KKS1-18 counterpart, it exhibits higher dismutase activity than the triple mutant.
Analysis of the Coomassie Blue-stained SDS-polyacrylamide gel suggested that the proteins expressed by KKS2-26 (P121L), KKS7-8 (P100L, R113K) and KKS1-18 (P100L, R113K, P121L) were also altered in size. In order to confirm this result, total soluble extracts from the five recombinants were subjected to 15% (w/v) SDS-PAGE and after electrophoresis the material was transferred to a nitrocellulose membrane. Cu-Zn SOD was then detected with a polyclonal antibody raised against the bovine enzyme. Indeed, as can be seen in Figure 3A , all five constructs expressed a Cu-Zn SOD. Furthermore, with the exception of the version produced by KKS6-8 (G128D), all the mutated enzymes showed a diminished size, confirming previous observations. Considering the precautions taken in the extraction of protein from these recombinants, this result suggests that E.coli is partially degrading these versions. It is very likely that some, if not all, of these mutations are affecting the conformation of the enzyme, rendering a section of it more accessible to bacterial proteinases. In order to assess whether the mutations and/or altered size of these versions of Cu-Zn SOD were affecting the threedimensional structure of the enzyme, further antigen-antibody experiments were carried out. Using identical conditions to those used in Figure 2B , all gene products were run on a native gel prior to blotting and addition of antibody. The resulting gel is shown in Figure 3B . It is clear that the polyclonal serum does not recognize non-denatured SOD as clearly as the denatured enzyme (compared with Figure 3A) . For all versions of the enzymes, a background smear is observed which may reflect gel conditions rather than multiple forms of SOD. In any case, bands that migrate at the same position as 'wild-type' SOD in the activity gel ( Figure 2B ) were detected for KKS5-20 (W.T.), KKS6-8 (G128D) and KKS2-26 (P121L). In the latter recombinant, a second diffuse band (which does not correspond to an area of dismutase activity in the native gel) was also observed. For the SODs expressed by KKS7-8 (P100L, R113K) and KKS1-18 (P100L, R113K, P121L) multiple bands that also migrated faster than the corresponding SOD band in the activity gel were visualized. These are the strongest bands on the gel and are situated well below the expected size for the dimer, close to the expected size for the monomeric protein. Indeed, when run on a 4% SDS gel (data not shown), using conditions under which SOD is known to remain active, no bands were detected immunologically at the dimeric molecular weight for both mutants and a sharper band around 16K was observed for the double mutant. This suggests that neither of these proteins was able to dimerize. Both the SOD versions expressed by KKS1-18 (P100L, R113K, P121L) and KKS7-8 (P100L, R113K), as noted previously, contain the arginine 113 mutation which lies at the dimer interface. It seems most likely, given that this mutation is found only in these two mutants, that it is primarily responsible for the prevention of dimer formation.
Discussion
Although none of the SOD mutations in this work occur particularly close to the enzyme active site, the activity of all mutant forms was affected. Figure 4 illustrates the positions of the mutants in this study with respect to the overall fold of the superoxide dismutase monomer, and also the active sitebound metal ions responsible for the dismutation of the superoxide radical. Three of the mutant enzymes, KKS2-26 (P121L), KKS1-18 (P100L, R113K, P121L) and KKS7-8 (P100L, R113K), exhibited reduced activity, although they contained no common mutation. Consequently, at least two of the mutations must affect enzyme activity. A number of structural reasons for these effects are apparent and are discussed below.
The mutation of proline at position 121 to a leucine must affect the mobility and structure of the electrostatic channel loop which runs from position 119 to 140. Proline restricts the flexibility of the following segment owing to the cyclic nature of its side-chain restricting the backbone φ torsion angle (MacArthur and Thornton, 1991) . The electrostatic loop lies directly above the active site and contains many charged groups widely believed to be responsible for guiding the O 2 -Downloaded from https://academic.oup.com/peds/article-abstract/11/11/1083/1478309 by guest on 10 February 2019 R113K, P121L) . and KKS7-8 (P100L, R113K) and 2 µl from the remaining samples were mixed with 5ϫ loading dye B [75% (w/v) sucrose, 0.02% (w/v) bromophenol blue, 2.5 M Tris-HCl, pH 6.8), loaded on a 10% (w/v) native polyacrylamide gel and subjected to electrophoresis. SOD activity was demonstrated using a technique described by Beauchamp and Fridovich (1971) . Lanes: M, molecular weight markers; 1-6, E.coli QC871 containing plasmids pKK223-3 (1), pKKS1-18 (2), pKKS7-8 (3), pKKS2-26 (4), pKKS6-8 (5) and pKKS5-20 (W.T.) (6). Arrows indicate Cu-Zn SOD.
substrate into the active site (Desideri et al., 1992; Getzoff et al., 1992) . Any mutation affecting the structure and dynamics of this loop would be expected to affect both substrate and product binding and release. Mutagenesis studies have already demonstrated the sensitivity to change of certain amino acid positions within the electrostatic loop, notably Glu132, Glu133 and Lys136 (Getzoff et al., 1983 (Getzoff et al., , 1992 Banci et al., 1988) . Furthermore, increased exposure of the metal ions to water may result in impaired electron transfer and consequently reduced enzyme activity (Banci et al., 1995) . It is also notable that the residue adjacent to Pro121, Asp122 in the bovine Fig. 3 . Western blot of E.coli QC871 soluble extracts with an anti-bovine superoxide dismutase polyclonal antibody. Gel conditions and sample treatment for experiments depicted in ( A ) and ( B ) were identical with those in Figure 2A and B, respectively. For both experiments, 2 µl of each sample were loaded per lane. Once electrophoresis was terminated, proteins were transferred to a nitrocellulose membrane (Hybond) and Cu-Zn SOD was detected with a rabbit anti-bovine SOD (Chemicon International) according to standard techniques. All samples were derived from E.coli QC871 containing the following plasmids. Lanes: 1, pKK223-3; 2, pKKS1-18; 3, pKKS7-8; 4, pKKS2-26; 5, pKKS6-8; 6, pKKS5-20 (W.T.). Arrow indicates 'wild-type' Cu-Zn SOD position in the activity gel ( Figure 2B) . Fig. 4 . Mutated sites in the tertiary structure of Cu-Zn superoxide dismutase. Molscript (Kraulis, 1991) schematic representation of Cu-Zn superoxide dismutase depicting the metal ions and their chelating side-chain groups (Cu, dark grey sphere; Zn, light grey sphere) and the four sites of mutation (thicker, dark grey bonds). Fig. 5 . Accessibility changes on dimerization in the SOD monomer. The change in accessible surface area in Å 2 in the SOD monomer (using Brookhaven entry 2SOD) is plotted for each amino acid, calculated using the method of Lee and Richards (1977) using a 1.4 Å probe. The dimer interface is constituted by four approximately contiguous regions from the monomeric chain.
enzyme, is believed to be involved in correctly orientating the copper and zinc liganding residues (Getzoff et al., 1989) .
The mutation of Arg 113 to Lys takes place at one of the four regions of the sequence that contribute to the SOD dimer interface, as shown in Figure 5 . SOD is active primarily as a dimer and a recently engineered monomeric form was found to have reduced enzymic activity (Bertini et al., 1994; Banci et al., 1995; Lin et al., 1995) . Hence, any decrease in affinity between monomers would likely lead to reduced activity. Although the net charge is maintained with this conservative mutation, an intramolecular hydrogen bond from the arginine side-chain to the backbone of the neighbouring glutamine 47 could no longer be made were the side-chain mutated to lysine. Similarly, arginine 113 buries~30 Å 2 of surface at the dimer interface which would be reduced if it were substituted by lysine. This, coupled with the likely alterations in the surface shape at the putative dimer interface, explains the apparent inability of the SOD forms containing this mutation to dimerise, as the SDS-PAGE results showed. It should be noted that the other common mutation, P100L, cannot be discounted from contributing to the loss of activity.
Among 33 eukaryotic SOD protein sequences from different organisms (Bordo et al., 1994) , only that of S.cerevisiae diverges at position 128. While 31 species contain a glycine, yeast possesses an aspartic acid and there is a deletion in all of the the five prokaryotic proteins. It is therefore surprising that an increase in activity was obtained on replacing Gly 128 by Asp. Indeed, highly homologous Cu-Zn SODs displaying differences in charge distribution and net protein charge can possess very similar catalytic rate constants (Desideri et al., 1989) . However, a similar activity increase to that observed here was demonstrated in the human protein, on neutralizing the positive charge around the catalytic site by introducing an aspartic acid (Getzoff et al., 1992) . Certainly, the structural integrity of the active-site electrostatic network is critical for catalysis. A further intriguing possibility is that the mutation serves to rigidify the loop further, having the opposite effect to the Pro121 mutation, and protects the metal ions from unwanted further exposure to bulk solvent.
The effects upon SOD activity of the individual mutations appear to be additive. The single mutant Pro121→Leu produces a 30% reduction in activity and the KKS7-8 double mutant (P100L, R113K) a 70% reduction. The triple mutant, combining both of these two mutations, renders the enzyme almost totally inactive, with virtually a net 100% activity reduction. The apparent inability of the protein to form dimers appears to have the greater effect upon its activity.
The dramatic changes in gel mobility observed for the superoxide dismutases expressed by KKS2-26 (P121L), KKS7-8 (P100L, R113K) and KKS1-18 (P100L, R113K, P121L) can be explained on the basis of likely mutational effects on their three-dimensional structure. As already discussed, the Arg113 to Lys mutation would be expected to affect dimerization adversely and this observation is borne out by the behaviour of mutants on SDS-PAGE. A pronounced reduction in size was most apparent for the KKS1-18 (P100L, R113K, P121L) and KKS2-26 (P121L) mutants, which both contained the Pro121 to Leu mutation, expected to change the mobility and structure of the electrostatic channel loop. As shown in Figure  4 , this loop curves out above the active site, reverses direction and then curves down to form one strand of the β-barrel. An alteration in the electrostatic loop path might cause the last strand to be out of register by a few residues or possibly not to be formed at all. In either case, the C-terminal region of the protein would become more exposed and therefore more susceptible to endogenous proteolytic processing by both endoand exo-peptidases. This would explain the reduced size of these mutant forms, as observed on SDS-PAGE. Furthermore, any additional processing of the C-terminus would lead to impaired dimerization and concomitant loss of activity as this region (Val146 to Lys151) is also involved at the dimer interface ( Figure 5) .
There are several possible structural explanations for a deviation in the chain path from the Pro121 position. Proline is a classical helix-breaking residue (Chou and Fasman, 1978) and the following segment contains residues with high intrinsic helix-forming propensity, e.g. Leu, Asp and Arg (Swindells et al., 1995) . Therefore, the following loop segment might form a short α-helical segment, affecting both the conformation of the loop and the coverage of the active site. Furthermore, mutation of a proline to a non-cyclic side-chain amino acid (i.e. any other common amino acid) potentially leads to decreased enzyme stability on entropic grounds. This is a result of increased conformational entropy in the unfolded state, leading to an increase in the net energy required for folding.
In this work, we successfully expressed five different versions of a synthetic bovine Cu-Zn SOD gene. The results obtained clearly indicate that the 'wild-type' superoxide dismutase produced is correctly dimerized and possesses dismutase activity. The same can be said of the molecule expressed by KKS6-8 (G128D), even though a change in charge was observed. Mutations in the other three versions did affect folding and the activity of the enzyme, that effect being particularly marked for two of them. We believe that this work has shown how useful fortuitous mutations, a frequent event in the cloning of synthetic genes, can be in illuminating the structure and function of proteins.
